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this facilitates fine-tuning of activities from signaling to catalysis. However, studying the structural basis of monomer function that
naturally exists in monomer-dimer equilibrium is challenging, and most studies to date on designing monomers have focused on
disrupting packing or electrostatic interactions that stabilize the dimer interface. In this study, we show that disrupting backbone
H-bonding interactions by substituting dimer interface b-strand residues with proline (Pro) results in fully folded and functional
monomers, by exploiting proline’s unique feature, the lack of a backbone amide proton. In interleukin-8, we substituted Pro for
each of the three residues that form H-bonds across the dimer interface b-strands. We characterized the structures, dynamics,
stability, dimerization state, and activity using NMR, molecular dynamics simulations, fluorescence, and functional assays. Our
studies show that a single Pro substitution at the middle of the dimer interface b-strand is sufficient to generate a fully functional
monomer. Interestingly, double Pro substitutions, compared to single Pro substitution, resulted in higher stability without
compromising native monomer fold or function. We propose that Pro substitution of interface b-strand residues is a viable strat-
egy for generating functional monomers of dimeric, and potentially tetrameric and higher-order oligomeric proteins.INTRODUCTIONProteins that exist in monomer-dimer equilibrium are highly
prevalent in biological systems from bacteria to humans,
indicating positive selection and evolutionary advantages.
There is substantial literature indicating that the ability to
reversibly exist in two forms allows exquisite spatiotemporal
regulation for a wide variety of functions, ranging from
monomer/dimer-specific activity and allosteric regulation
to differential activation of signaling pathways or simply
increasing stability and protection from proteolysis (1–3).
However, dissecting the structural basis and understanding
the molecular mechanisms underlying the functions of the
monomer are not trivial as the very phenomenon of the
monomer-dimer equilibrium prevents the study of one spe-
cies without interference from the other.
Protein dimer interfaces are stabilized via a combination
of H-bonding, van der Waals, and electrostatic interactions,
and furthermore, dimer association constants can vary by
orders of magnitude from mM to pM affinities (3). In princi-
ple, monomers of weakly dimerizing proteins can be charac-
terized by changing pH, protein concentration, or buffer
conditions (4,5). The most common approach of introducing
mutations is by destabilizing packing or electrostatic inter-
actions of dimer interface residues. Such approaches have
been successful in generating monomers (6–8). These
studies, typically carried out with the specific goal of gener-
ating a monomer of a protein of interest, cannot ensure thatSubmitted May 21, 2013, and accepted for publication August 5, 2013.
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edge, there have been no systematic studies with the objec-
tive of establishing guidelines for the rational design of
monomers. An ideal design strategy would be one that can
be broadly applied and which minimally perturbs the native
monomer structure. In this study, we show that disrupting
b-strand dimer interface backbone H-bonding interactions
via proline substitution is a viable approach for generating
folded and fully functional monomers (Fig. 1 A).
Proline is an unusual amino acid and its unique features
contribute to the special roles that it plays in protein structure
and function. Structure-function studies have shown that the
prolines are usually conserved and/or are often essential, and
play important roles in protein structure, stability, folding,
splicing, cell signaling, and transmembrane active transport
(9–14). The proline pyrrolidine ring side chain is covalently
bonded to the backbone nitrogen, and therefore cannot form a
backbone H-bond due to lack of the amide proton. The cyclic
pyrrolidine side chain restricts its backbone conformation,
in particular the f angle to 635 15, resulting in proline
adopting two distinct conformations tightly clustered around
j ~ 35 for the a-region and j ~150 for the b-region. In
addition, the conformational space of the preceding residue
is influenced by the steric conflict from CdH2 attached to
the imide nitrogen of proline (9). Not surprisingly, prolines
are mostly observed in loops, turns, and at the beginning
but not in the middle of helices or strands (9,10,14,15).
In this current study, we have explored proline substitu-
tion as a strategy for generating monomers by exploiting
proline’s unique structural and conformational properties.http://dx.doi.org/10.1016/j.bpj.2013.08.008
FIGURE 1 (A) Schematic showing Pro substitu-
tion strategy at the dimer interface for monomer
design. The figure on top shows the H-bonding
interactions between antiparallel b-strands of a
dimer interface. On Pro substitution (bottom
figure), the loss of H-bonding and disruption of
the dimer interface is depicted using a blast and
outward arrows. (B) Hydrogen-bonding network
at the IL-8 dimer interface. Residues involved in
H-bonding are labeled and 0 indicates the second
monomer in the homodimer.
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exists reversibly as monomers and dimers (Kd ~0.1 to
10 mM) (16,17). The structures and activities of the IL-8
monomers and dimers and of the importance of the mono-
mer-dimer equilibrium have been well studied (18–21).
The solution structures of the wild-type (WT) dimer and
of a trapped nonassociating monomer exist (18–20). The
trapped monomer was chemically synthesized and contains
a nonnatural N-methyl amino acid for the dimer interface
Leu-25 residue, which disrupts dimer interface H-bonding
interactions (referred as the L25NMe trapped monomer).
The receptor affinity and activity of the trapped monomer
and the WT monomer are identical (22). Mutagenesis
studies of IL-8 dimer interface residues have also shown
that disrupting dimer-packing interactions can result in
monomers or impaired dimers (16,17,23).
Because IL-8 dimerizes via b1-strand residues (Fig. 1 B),
we generated a panel of single and double mutants by
substituting prolines for each of the dimer interface
H-bond-forming residues. We characterized the structures,
dynamics, stability, dimerization state, and activities of the
Pro mutants using NMR, molecular dynamics (MD) simula-
tions, fluorescence, cellular assays, and animal models. Our
data convincingly show that a single Pro substitution in the
middle of the dimer interface is sufficient to generate a prop-
erly folded functional monomer, and most interestingly,
double Pro substitutions, compared to single Pro substitu-
tions, result in higher stability without compromising native
monomer fold or function.MATERIALS AND METHODS
Cloning, expression, and purification of IL-8 Pro
mutants
Clones of the single and double Pro mutants (L25P, V27P, E29P, L25P/
E29P, V27P/E29P, and L25P/V27P) were generated using the StratageneBiophysical Journal 105(6) 1491–1501QuikChange site-directed mutagenesis protocol (24), and recombinantly
expressed and purified as discussed earlier (25). 15N- and 15N/13C-labeled
Pro mutants were produced by growing cells in minimal media containing
15NH4Cl and
13C glucose as the sole nitrogen and carbon sources, respec-
tively. The purity and molecular weight of the proteins were confirmed
using matrix-assisted laser desorption/ionization mass spectrometry.NMR spectroscopy
15N- and 15N/13C-labeled Pro mutants were prepared in 50 mM sodium
phosphate pH 6.0 buffer containing 1 mM DSS (2,2-dimethyl-2-silapenta-
nesulfonic acid), 1 mM sodium azide, and 10% 2H2O (v/v). The protein
concentrations were ~0.2 to 0.3 mM. The chemical shifts of the Pro mutants
were assigned using 1H-15N HSQC, 15N-edited NOESY, 15N-edited
TOCSY, CBCA(CO)NH, and HNCACB NMR data (26). The NMR spectra
were acquired at 30C using a Bruker Avance III 800 MHz (equipped with a
TXI cryoprobe) or 600 MHz (equipped with a QCI cryoprobe) spectrome-
ters. The mixing time for the 15N-edited NOESY and TOCSY experiments
were 150 and 80 msec, respectively. Chemical shifts were referenced to
DSS. The spectra were processed with NMRPipe (27), and analyzed using
NMRView (28) or Bruker Topspin 3.2 software.
NMR self-diffusion coefficients were measured using a stimulated echo
and longitudinal-eddy-current delay incorporating bipolar gradient pulses
for diffusion (29). The diffusion delay (D) was 80 msec and the gradient
pulse length (d) was 5 msec. Sixteen 1D spectra were collected at equal in-
tervals by varying the gradient strength from 10% to 95%, with 54.4 G/cm
as the maximum (100%) gradient strength. A 1% (w/v) solution of b-cyclo-
dextrin in 90% H2O and 10% D2O, with a diffusion coefficient 3.239 
106 cm2/sec at 25C, was used as a standard for gradient strength calibra-
tion (30). The self-diffusion coefficients (DS) were calculated by nonlinear
least-square fitting of the intensities from the individual one-dimensional
spectra using the analysis tool in Bruker Topspin 3.2 software.
Native-state hydrogen exchange (NHX) studies of the Pro mutants were
initiated by dissolving the lyophilized protein samples in D2O. The samples
were loaded onto a tuned and shimmed NMR spectrometer at 25C, and a
series of 1H-15N HSQC spectra were recorded for 6–48 h time period
depending on the rate of decay. The time from the addition of D2O to the
start of the first HSQC spectrum was 8 min (dead time). Each spectrum
was recorded for 22 min and consisted of 64 complex increments in the
indirect 15N-dimension. The NHX decay rates (kobs) of the individual NH
protons were calculated using nonlinear least-square fitting of the peak
intensities, and the stabilization free energies (DGNHX) were calculated as
discussed previously (31).
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The stability of the Pro mutants was determined from changes in trypto-
phan fluorescence. The fluorescence spectra were collected on a Spex
Fluoromax fluorimeter (Horiba Jobin Yvon, Edison, NJ), with excitation
at 295 nm and emission measured from 300 to 400 nm at 25C. The blank
spectrum of the buffer solution was subtracted from each sample spec-
trum. The data were collected using 5 mM protein samples in 50 mM
sodium phosphate buffer, pH 6.0, and the GdnHCl concentration was var-
ied from 0 to 8 M at intervals of 0.3 M. The measurements were repeated
twice with freshly prepared protein samples, and the free energy of
unfolding (DGF-U) was obtained using the linear extrapolation method
(32). As the unfolding of WT and E29P dimer is concentration depen-
dent and those of the Pro monomer mutants are not, we have calculated
DGF-U of the WT and E29P using the 1M standard state as described
previously (33).MD simulations
The L25P, V27P, E29P, and V27P/E29P mutants were modeled in both the
monomeric and dimeric forms from the NMR IL-8 structure using Pymol
(18,34). The WT dimer, WT monomer, and the eight Pro variants (four
each in the monomer and dimer forms, respectively) were subjected to
multiple cycles of constrained and free energy minimizations using the
AMBER 12 suite software to remove steric hindrances introduced by the
mutations (35,36). The energy-minimized structures were subjected to an
equilibration protocol in explicit solvent (36), and 500 ns of MD production
runs were carried out using the PMEMD (particle mesh Ewald molecular
dynamics) module of the AMBER 12 software suite on the Lonestar Dell
Linux Cluster at the Texas Advanced Computing Center (TACC, UT
Austin, TX). Analysis of the trajectory was carried out using the Amber-
tools12 and the VMD molecular visualization software (35,37). All molec-
ular plots were prepared using Pymol (34).Intracellular Ca2D mobilization
CXCR2-transfected RBL-2H3 cells (5  106) were washed with HEPES-
buffered saline and loaded with 1 mM Indo-I/AM in the presence of 1
mM pluronic acid for 30 min at room temperature. The cells were then
washed with HEPES and resuspended in 1.5 ml of Siriganian buffer, and
the intracellular Ca2þ mobilization activity of the Pro mutants were
measured as described previously (38).Heparin binding
The WT and Pro mutants (~0.3 mg/ml) were prepared in 5 mM sodium
phosphate pH 7.0 buffer, and loaded onto a HiTrap Heparin affinity col-
umn (GE LifeSciences). The proteins were eluted using a step gradient
(50 mM) of 0–1 M sodium chloride in the same buffer, and their concen-
trations were determined using ultraviolet absorption spectroscopy at
280 nm.TABLE 1 NMR translation self-diffusion coefficients
calculated for the IL-8 Pro mutants
IL-8 variants Diffusion coefficient (cm2/s)
WT 0.965 0.02
E29P 0.955 0.03
V27P 1.145 0.02
V27P/E29P 1.145 0.02
L25P 1.075 0.03
L25P/E29P 1.155 0.03Neutrophil recruitment in a mouse peritoneum
model
8- to 10-week-old female BALB/c mice were purchased from Harlan
(Houston, TX) and housed under pathogen-free conditions in the animal
research facility, in accordance with the National Institutes of Health
and University guidelines for animal care. Under light anesthesia,
mice were inoculated intraperitoneally with 1 mg of IL-8 WT and
Pro mutants in Dulbecco’s phosphate-buffered saline (D-PBS). Mice
were sacrificed, and peritoneal neutrophil levels were determined as
described (39).RESULTS
Design and oligomeric state of the Pro mutants
The dimer interface b1-strand L25, V27, and E29 amides
are involved in a total of six backbone H-bond interactions
across the dimer interface with the b1
0-strand (Fig. 1 B;
residues of the second monomer across the dimer interface
are represented by 0). We substituted Pro for each of these
three residues (L25, V27, and E29), and generated three
single (L25P, V27P, and E29P) and three double (L25P/
E29P, L25P/V27P, and V27P/E29P) mutants. In the case
of L25P/V27P double mutant, despite multiple attempts,
we could not isolate the protein during the purification pro-
cess due to possible precipitation, and so was not pursued
further. We determined the oligomeric state of the Pro
mutants using NMR self-diffusion coefficient (DS) mea-
surements. Nonlinear least-squares fitting of the intensity
data gave a DS value of 0.95  10 6 cm2 sec1 for the
E29P, which was identical as for the WT dimer. For
the V27P, L25P, V27P/E29P, and L25P/E29P mutants, a
DS value of ~1.14  106 cm2 sec1 was obtained that
is consistent with that expected for the monomer (Table
1 and Fig. S1 in the Supporting Material). DS(monomer)/
DS(dimer) ratio of ~1.21 obtained for IL-8 is consistent
with those expected for a monomeric protein of spherical
shape (40).NMR structural characterization of the Pro
mutants
We characterized the structural features of the single and the
double mutants using solution NMR spectroscopy. 1H-15N
HSQC spectra of the mutants showed the characteristic
upfield and downfield amide proton chemical shifts (Q8,
K15, F17, K20, C34, and V58) indicating that all the
mutants have an IL-8-like fold (Fig. S2). The E29P mutant
showed chemical shift profiles comparable to the WT dimer,
whereas the remaining mutants showed characteristics of
the monomer. Based on the quality of the HSQC data, we
chose the V27P, V27P/E29P, and E29P mutants for further
detailed structural characterization.
Comparison of the backbone HN and Ha chemical shifts
between the V27P and V27P/E29P mutants and the trapped
L25NMe monomer showed that the perturbations are
localized in and around the substitution sites in the b1- andBiophysical Journal 105(6) 1491–1501
1494 Joseph et al.b2-strands (Fig.S3, A–C) (20). Analysis of the secondary
structural propensities of the V27P and V27P/E29P mutants
using the program CSI based on Ha, Ca, and Cb chemical
shifts also suggests that the monomer structural scaffold is
intact (Fig. S3 E) (41). Furthermore, the last six residues in
the C-terminal helix are unstructured, a feature that is
also observed in the structure of the trapped L25NMe
monomer (20). Analysis of the three-dimensional 15N-edited
NOESY-HSQC spectra of V27P and V27P/E29P mutants
showed no evidence of intermolecular NOEs from b1-strand
backbone amides, indicating that the mutants are monomeric
(Fig. 2 A).
On the other hand, a number of characteristic intermolec-
ular NOEs from the amide protons of L25 and V27 were
observed for the E29P mutant confirming that it is dimeric
(Fig. 2 A). The CSI plot indicates that the secondary struc-
tural features of E29P are very similar to WT dimer
(Fig. S3 E). Comparison of the HN and Ha chemical shifts
between E29P and WT dimer also showed that the structural
changes are localized to the b1-strand and C-terminal end of
the a-helix (Fig. S3 D) (18).
The network of intramolecular interactions between
the adjacent b1- and b2-strands were intact in the V27P,
V27P/E29P, and E29P mutants except for local perturba-
tions at the site of substitution, indicating that the proline
can be accommodated with no major structural perturbation
of the b1-strand conformation. Strip plots of three-dimen-
sional 15N-edited NOESY-HSQC planes of amino acids in
the b1- and b2-strands illustrating the intramolecular interac-FIGURE 2 NMRNOESY spectra of IL-8 Pro mutants. (A) Strip plots of the 15
L25 amide of the V27P/E29P mutant show no evidence of intermolecular NOEs.
intermolecular NOEs at the dimer interface. (B and C) Strip plots of the 15N-edit
residues. The interstrand NOEs between the b1- and b2-strands are labeled in b
Biophysical Journal 105(6) 1491–1501tions for V27P and V27P/E29P are shown in Fig. 2, B and C.
Analysis of the backbone conformations of the V27P/E29P
mutant based on NMR chemical shift data using TALOSþ
also showed only local perturbations in the b1-strand con-
formation (42). The f/j angles were 68/145 for P27
and 61/145 for P29, which fall into the allowed proline
conformational space. Except for the f angle of R26
(~ 107) that deviates from the WT values (f ~ 122),
the remaining residues retain the WT b-sheet conformation.
Most interestingly, the V27P/E29P double mutant showed
stronger intramolecular NOEs between the b1- and b2-
strands, suggesting that the double mutant is more stable
compared to the single V27P mutant.Equilibrium unfolding measurements
The IL-8 structure reveals a single tryptophan (Trp) at the
beginning of the a-helix, and changes in its fluorescence
emission wavelength can be used as a probe to study the
global unfolding of the protein (43). The stability (DGF-U)
of the Pro mutants was measured using fluorescence spec-
troscopy and guanidine hydrochloride (GdnHCl) as the
denaturant (Fig. 3 and Table 2). Analysis of the unfolding
data showed that E29P was thermodynamically slightly
less stable than the WT, which can be attributed to the
loss of E29-K23 H-bonding and E29 side-chain packing in-
teractions with the overlying helix. Under the experimental
conditions (5 mM protein in 50 mM phosphate buffer pH
6.0), the monomeric mutants were less stable, and can beN-edited NOESY spectra from L25 and E29 amides of the V27P mutant and
The missing NOEs are shown as open gray circles. The E29P mutant shows
ed V27P/E29P and V27P NOESY spectra of the b1- and b2-strand interface
old italics.
FIGURE 3 Stability of the Pro mutants. The unfolding isotherms of IL-8
WT and Pro mutants. The plot shows the lmax of tryptophan fluorescence
against GdnHCl concentration.
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In addition to the six H-bonding interactions, the IL-8 struc-
tures also reveal that the dimer interface is stabilized by
packing interactions involving a number of residues
including L25, V27, and E29 side chains (18,19). Most
interestingly, the double mutants, L25P/E29P and V27P/
E29P, were more stable by ~0.5 to 1 kcal/mol compared
to their single mutant counterparts (Table 2). The higher sta-
bility for V27P/E29P is also consistent with stronger inter-
strand NOEs compared to the V27P mutant, and from
hydrogen/deuterium exchange studies (see below).
Stability differences among the Pro mutants were also
evident from the Trp lmax showing a redshift, compared to
the WT (Fig. 3). A redshift even in the case of the E29P
mutant indicates that the Trp side chain is more solvent-
exposed suggesting subtle structural changes caused by
altered packing interactions and breathing motions or
dynamics. The larger redshift for the monomers indicates
higher solvent exposure due to loss of quaternary structure,
which is also evident from the hydrogen/deuterium
exchange studies as described below.Residue-level stabilities of the Pro mutants
NHX monitored by NMR spectroscopy is a powerful tool
for studying residue-wise free energy stabilities and foldingTABLE 2 Fluorescence equilibrium unfolding data for the IL-8
Pro mutants
IL-8 variants DGunfolding (kcal/mol) C1/2 (M) m-value (cal/[mol M])
WTa 8.25 0.5 4.1 19925 109
E29Pa 7.75 0.5 4.6 16605 97
V27P 2.55 0.2 1.8 13985 78
V27P/E29P 3.25 0.6 2.1 15215 124
L25P 2.25 0.6 1.5 14625 231
L25P/E29P 3.25 0.4 2.1 15595 160
aThe DGunfolding for the WT and E29P are given in kcal/mol monomer and
are twice if given per mol dimer.energy landscapes of proteins (44–47). The exchange rates
of backbone amide protons depend on the accessibility to
the solvent deuterons, which in turn correlate to the second-
ary, tertiary, and quaternary structures, and thermodynamic
stability.
The first spectra of the WT and Pro mutants, after
exchange was initiated, are shown in Fig. 4 A. NHX
data of the WT dimer indicate that about half of the
resonances disappear within the dead time (8 min), and
these solvent accessible residues mostly reside in the
N-terminal, N-loop, C-terminal, and interconnecting loops
of the protein. The slow-exchanging residues located in
the b1-, b2-, b3-strands and the a-helix are predominantly
hydrophobic and form the protein core (Fig. 4 and
Table S1). Sequence analyses of nine related chemokines
from mouse and human reveal that most of these hydro-
phobic residues are highly conserved, indicating their
fundamental roles in defining the chemokine fold and
stability. The slow exchanging charged residues (R26,
E38, and K42) are involved in interstrand H-bonding
interactions.
The residue-specific stabilities of the Pro mutants were
determined from the exchange rates (kex) (31). NHX can
provide information about the thermodynamics as well as
kinetics depending on the exchange regime (EX2/EX1),
and it is well established that the amide protons exist in
the EX2 regime at acidic and neutral pH. Residues whose
intensities remain high in the experimental time (48 h)
due to high protection are given an upper value of
8 kcal/mol. A representative decay profile is shown in
Fig. 4 B, and the values of the residue-specific free energy
of stabilization of the individual mutants are plotted in
Fig. 4 C and tabulated in Table S1.
In the case of the E29P mutant, the overall decay profile
and the slow exchange of the dimer interface residues indi-
cate that it is a dimer. However, the free energy stabilities of
some of the dimer interface b1-strand, and a large stretch of
C-terminal helical residues (V58 to L66) are also lower
(Fig. 4 C). The IL-8 dimer structure reveals that E29 is
packed against A690 and F650 across the dimer interface,
suggesting that the loss of these favorable intermolecular
packing interactions results in local structural changes and
increased solvent accessibility.
In the case of the L25P, V27P, V27P/E29P, and L25P/
E29P mutants, only a few residues from the b1-, b2-, b3-
strands and a-helix were observed, and none of the dimer
interface residues could be observed confirming that these
mutants are monomeric (Fig. 4 A and Fig. S4). Similarities
between these spectra with those reported for the trapped
L25NMe monomer also indicate that these mutants are
monomers (22). Furthermore, the differences in the number
of resonances and peak intensity decay in the first HSQC
spectra also highlight the stability differences. The data
indicate that V27P is more stable compared to the L25P
monomer, and the V27P/E29P and L25P/E29P doubleBiophysical Journal 105(6) 1491–1501
FIGURE 4 NHX data of the Pro mutants. (A) The first HSQC spectra of the WT dimer and Pro mutants, after initiating exchange with D2O at pH 6.0 and
25C (dead time ~8 min). The dimer-interface residues not observed in the E29P mutant are labeled in bold italics in the WT dimer spectrum. The b1-b2
strand interface and helical residues that are more protected in the V27P/E29P, compared to the V27P mutant, are also labeled in bold italics. (B) The decay
profiles for Leu-43 of WT and Pro mutants. (C) Plot of the stabilization free energy, DGHX of individual amino acids in the WT (open bars) and the Pro
mutants (shown using the same symbol scheme as in panel B). Core residues that are significantly protected from exchange in the experimental time frame
have been given an upper DGHX value of 8.0 kcal/mol.
1496 Joseph et al.mutants are more stable than the V27P and L25P mutants
(Fig. 4 and Fig. S4), which are also consistent with the un-
folding studies and the NMR structural data (Figs. 2 and 3,
and Table 2). The higher stability of the double mutants can
be directly attributed to the optimal packing of the b1- and
b2-strand residues (Fig. 2 B).Structures and dynamics of the Pro mutants
To assess the consequence of Pro substitutions on the struc-
tural integrity, we carried out a 500 ns MD simulations of
the L25P, V27P, and V27P/E29P monomers and E29P
dimer, using the Amber 12 Suite (35). In addition, we also
carried out simulations for the L25P, V27P, and V27P/
E29P mutants in the dimeric background to provide a struc-
tural rationale as to why these mutations could not be
accommodated in the dimer and what could be the primary
trigger for the disruption of the dimer interface.
MD simulations in the dimeric background
Analysis of the MD trajectory of the V27P mutant showed
that the b1-strands forming the dimer interface show large
rocking and sliding motions within 100 ns, resulting in aBiophysical Journal 105(6) 1491–1501loss of interface H-bonds (Fig. 5, A–C). During the course
of the simulation, only two out of the four dimer-interface
H-bonds remain (Fig. 5, A–C). This is a consequence of
two fewer intermolecular backbone H-bonds in the middle
of the dimer interface due to the V27P mutation, and also
could be due to the disruption of intermolecular packing
interactions involving V27 with F650 and A690 in the C-ter-
minal helix and realignment of the helix packing with the
b-strands. In the case of V27P/E29P simulations, a similar
but more facile disruption of the dimer interface was
observed even during the initial stages of the MD simula-
tion, which can be directly attributed to the absence of
two additional H-bonds involving E29 at the interface.
This MD exercise provided a clear structural and dynamics
picture as to why the V27P and V27P/E29P mutants exist as
monomers and not dimers.
For the L25P dimer, MD simulations indicate that the
effect of the mutation is more drastic and more pronounced
at the dimer interface compared to V27P. The intermolec-
ular H-bonds are lost even during the equilibration step of
the MD simulation (Fig. 5, D and E). The altered f angle
for P25 and the unfavorable intramolecular packing of
P25 with F65 and V62 leads to flipping of the E24 side chain
FIGURE 5 MD simulations of V27P and L25Pmutants in the dimeric background. (A and B) Molecular plots of the V27P mutant showing disruption of the
dimer interface over the course of the simulation through rocking and sliding motions due to loss of the central H-bonds and unfavorable intermolecular
packing of P27 with the C-terminal helix. (C) Distance plots for the V27P mutant showing breaking of the dimer interface. Bars in orange and blue
show the regions of the trajectory that represent the structures shown in panels A and B, respectively. (D) Overlay of molecular snapshots of the L25P mutant
at 100 ns (gray) and 300 ns (green) of the MD trajectory showing disruption of the dimer interface due to flipping of the E24 side chain into dimer interface.
(E) Distance plots for the L25P mutant showing breaking of the H-bonds of the dimer interface residues.
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causing disruption of dimer formation.
In the case of E29P mutant, the central four H-bonds at
the dimer interface are intact and the structure retains the
WT dimer fold (Fig. S5, A and B). Analysis of the
E29(N).K230(O) H-bond in the WT simulation showed
that it is transient (Fig. S5 C), suggesting that the H-bond
involving E29 is not essential for retaining the dimer
interface.
MD simulations in the monomer background
Throughout the MD simulation of the V27P mutant, the
interstrand H-bond network between the b1- and b2-strands
is retained. The altered backbone conformation at the site of
Pro mutation (f(Pro-27) ¼ 80 5 25), which is slightly
outside the allowed conformational range for b-strand
(125 5 15) only minimally perturbs the local structure.
It is also interesting to note that H-bonding interactions of
the neighboring R26 and I28 residues are still intact
[I40(N).R26(O) and E38(N).I28(O)], except for some
transient loss over the course of the simulation (Figs. 6, A
and B, and Fig. S6). The proline most likely induces local
strain, which results in increased dynamics as there are over-
all increased breathing motions at the b1-b2 strand interface,
which are also consistent with the weaker NOEs and the
lower measured stabilities from the NHX experiments. In
addition, we observe local unwinding of the last 6 helical
residues (K67–S72), which is also consistent with theNMR data (Fig. S3 E). The overlay of a snapshot of the
V27P mutant and the trapped monomer structures shows
only local differences around the site of mutation (Fig. 6
A). MD simulations data of the V27P/E29P mutant showed
very similar features as observed for the V27P mutant
(Fig. 6 C, Fig. S7, and Fig. S8). P29 f angle (70 5
25), as in the case of P27, falls slightly outside the preferred
range, but nevertheless is well accommodated in the E29 po-
sition of b1-strand (Fig. S8). The intactness of the b-strands
in this double mutant is also evident from the slow exchange
rates of the R26, I28, E38, and I40 residues (Fig. 4 and Table
S1). Though our 500 ns MD simulations studies are fairly
long to understand structural dynamics, it is not sensitive
enough to capture the subtle structural/dynamics changes
responsible for the increased stability of V27P/E29P
compared to V27P, and larger timescale sampling may be
necessary to capture these stability differences.
Analysis of the L25P monomer trajectory showed the flip-
ping of the E24 side chain into the dimer interface as
observed in the L25P dimer background, but the extent of
flipping was more pronounced, providing the structural basis
for the inability of L25P to form a stable dimer.Moreover, the
flipping of E24 results in the loss of the K42(N).E24(O)
H-bond and local opening of the b1-b2 strand interface
(Figs. 6, D and E). These structural details are in line with
the observed lower free energy values for the adjacent b2-
strand residues I40 and K42 (missing after the first few
data points) in the NHX experiments (Fig. 4C and Table S1).Biophysical Journal 105(6) 1491–1501
FIGURE 6 MD simulations of V27P, V27P/
E29P, and L25P monomers. (A) Overlay of the
b1- and b2-strand interface of the L25NMe mono-
mer (gray) and a snapshot of V27P monomer
(orange) from theMD simulations. Local perturba-
tion introduced by the proline is minimal and
localized around the site of mutation. (B) Distance
plots showing the changes in the H-bond network
at the b1-b2 strand interface of V27P monomer.
Throughout the simulation, the H-bonds are intact
except for transient loss of I40(N).R26(O) and
E38(N).I28(O) hydrogen bonds adjacent to the
proline mutation. (C) Overlay of snapshots of
V27P (orange) and V27P/E29P (yellow) mono-
mers from the MD simulations. (D) Overlay of
the b1-b2 strand interface of a snapshot (100 ns)
of L27P monomer (green) from the MD simulation
with the L25NMe monomer (gray). Perturbation
introduced by the P25 results in flipping of the
E24 side chain into the dimer interface, resulting
in partial opening of the b1-b2 strand interface.
(E) Distance plots showing changes in the
H-bond network at the b1-b2 strand interface in
the L25P monomer MD simulations. Note the
loss of K42(N).K24(O) H-bond around 30 ns of
the MD trajectory.
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The chemokine IL-8 level is upregulated in response to
infection, and so its concentration could vary by orders of
magnitude as a function of space and time. Therefore,
IL-8 could exist as monomers, dimers, or both, and animal
model studies have shown that monomer-dimer equilibrium
regulates neutrophil recruitment (21,38). IL-8 function in-
volves activation of the CXCR2 receptor, and also binding
to cell surface negatively charged glycosaminoglycans
(GAG) that regulate receptor functions. We characterized
Ca2þ release activity in a cellular assay that captures recep-
tor activation (Fig. S9 A), binding to heparin affinity col-
umn that captures GAG interactions (Fig. S9 B), and
neutrophil recruitment in a mouse model that captures the
sum of receptor and GAG interactions (Fig. 7). We have
previously shown that at the 1 mg dose, WT recruits neutro-
phils like a monomer in the mouse peritoneum model (21),
and observe that all of the mutants have WT-like activity.
The WT functions like a monomer also in cellular assays,Biophysical Journal 105(6) 1491–1501and we observe that all the Pro mutants have WT-like activ-
ity. In the GAG binding experiments, WT exists as a dimer,
and the E29P mutant elutes like the WT from the heparin
column, and all other mutants eluted with lower salt
concentration similar to what was observed for the
trapped L25NMe monomer indicating that the V27P,
L25P, V27P/E29P, and L25P/E29P mutants function as
monomers.DISCUSSION
In this current study, we have explored the strategy of Pro
substitution for generating monomers by disrupting the
H-bond network of dimer interface antiparallel b-strands.
NMR structural characterization of the IL-8 mutants
showed that prolines could be accommodated in the middle
of the dimer interface b-strand with minimal perturbation
resulting in stable functional monomers. The edge mutation
E29P in the b1-strand only resulted in local perturbation of
FIGURE 7 Neutrophil recruitment in a mouse peritoneum model. The
recruitment of the Pro mutants are scaled to WT. Data are presented as
mean 5 SE, represent 3 to 5 mice/group, and are representative of one
of two to three independent experiments.
Designing Monomers of Dimeric Proteins 1499the dimer interface. MD simulation studies of the Pro
mutants provided structural snapshots of how prolines can
be accommodated in a b-strand, effect of mutations on
the integrity of the b-sheet, changes in the flexibility and
breathing motions of the b1- and b2-strand interfaces, and
why some mutations resulted in stable monomers compared
to others. MD studies of the monomeric mutants in a
dimeric background provided a structural basis as to why
these mutants cannot be accommodated in a dimer. The
NHX data provided a residue-specific description of the
cause and effect of the observed stability differences among
Pro mutants. The NHX data also allow us to propose a
model describing the sequential events in the folding of
the IL-8 dimer: the hydrophobic collapse is initiated by
the side-chain residues of b1-, b2-, b3-strands and a-helix,
followed by the formation of the rest of the structural ele-
ments, and finally the monomers associate via b1-strand
interactions to form a homodimer.
Interestingly, the structural, unfolding, and NHX data
together show the double Pro mutants are more stable
than the single Pro mutants. NHX data also indicated that
the higher stability of the double mutants is due to the higher
integrity of the b1-b2 inter-strand H-bonds. Furthermore, the
greater stabilization of the second Pro substitution at E29 in
L25P compared to V27P mutant, and because the L25P/
V27P mutant was only marginally folded, indicates that
the stabilities of the double Pro mutants are strictly context
dependent. We propose that stabilization is most likely
because the individual proline substitutions counteract and
dampen the breathing motions at the b1- and b2-strand inter-
face to maintain native fold and interactions. Future studies
on other proteins are necessary to better understand how
double Pro substitutions result in higher stability of the
monomer.
Considering that the Pro backbone conformation is
restricted, it has been argued that Pro substitution minimizes
the loss of conformational entropy on folding, and hencecould be used as a strategy to increase protein stability.
Indeed, Pro mutations in a wide variety of proteins have
shown that such a strategy can result in higher stability
(48–55). The objective of our proline substitution study, in
contrast, was to disrupt dimer interactions, and our data
indicate that the inability to form H-bonds is the major fac-
tor driving monomer formation, and that other factors
including conformational strain and packing could also
play a role.
Our data show that the H-bonds in the middle, compared
to the edge, of the dimer interface play a more prominent
role in stabilizing the dimer. Kelly’s group has systemati-
cally studied the role of individual H-bonds, by substituting
amide esters for amide bonds in chemically synthesized
model proteins such as WW, and have shown that the ener-
getics of the individual H-bonds can vary significantly and
that the local structure and hydrophobicity play important
roles in determining the H-bond energetics in the folded
protein (56,57). Our study cannot provide such insights of
the individual H-bonds as Pro substitutions also influence
packing interactions. However, NHX data of WT indicate
that the V27 H-bond, compared to L25 H-bond, is more
stable by as much as 1 kcal/mol (Table S1) suggesting
that the NHX data and the preference for middle over
edge residues could be used to rank order the potential
dimer interface residues for the Pro substitution strategy.CONCLUSIONS
In summary, our studies have shown that a single Pro muta-
tion at the middle of the dimer interface b-strand is suffi-
cient to generate a fully folded and functional monomer,
and that double Pro substitutions can actually result in
higher stability of the monomer without compromising
native monomer fold or function. Considering dimers and
higher-order oligomers are highly pervasive in nature and
is involved in a wide spectrum of functions, we propose
Pro substitution as a viable strategy for generating func-
tional monomers of dimers, and potentially higher-order
oligomers, stabilized by b-strand interactions. Our current
systematic approach has also provided useful guidelines
for identifying residues and their locations in the dimer
interface for the efficient disruption of dimers resulting in
stable and functional monomers.SUPPORTING MATERIAL
One table and nine figures are available at http://www.biophysj.org/
biophysj/supplemental/S0006-3495(13)00917-X.
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